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Abstract

Brain-derived neurotrophic factor (BDNF) can promote developmental competence in mammalian oocytes during in vitro

maturation, but the signal transduction pathways are not clear. In this study, we investigated (using western blots) the effects of

BDNF on the phosphorylation of protein kinase B (PKB) and mitogen-activated protein kinase (MAPK) in mouse oocytes and

cumulus cells cultured in vitro. Treatment with BDNF enhanced phosphorylation of PKB in oocytes at 2 h (P = 0.0006) and 3 h

(P < 0.0001) of in vitro maturation, compared with control oocytes. However, the pan-specific tyrosine kinase (Trk) inhibitor K252a

together with BDNF completely inhibited phosphorylation of PKB in the oocytes. Furthermore, BDNF increased phosphorylation

of MAPK in oocytes at 16 h of in vitro maturation (P = 0.0041), but K252a together with BDNF did not reduce phosphorylation of

MAPK in the oocytes. For cumulus cells, BDNF significantly prolonged the phosphorylation of PKB and MAPK and increased the

total amounts of PKB and MAPK proteins after 16 h of in vitro maturation. However, BDNF did not affect apoptosis of the cumulus

cells during oocyte maturation in vitro. In conclusion, the PKB pathway is likely to be one signaling cascade activated by BDNF in

combination with the TrkB receptor, whereas the MAPK pathway is not involved. These findings may have relevance for BDNF-

induced promotion of developmental capacity of in vitro-matured oocytes.
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1. Introduction

Neurotrophins comprise a family of soluble poly-

peptide growth factors widely recognized for their roles

in the mammalian nervous system. Although these

factors are expressed widely in the central nervous

system and are important for neuronal survival and
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differentiation [1], they also play important roles in non-

neuronal tissues [2]. Brain-derived neurotrophic factor

(BDNF) is one member of the family of neurotrophins.

It exists in mouse ovarian follicles and it is secreted by

granulosa and cumulus cells [3,4]. The high-affinity

tyrosine kinase type B (TrkB) receptor for BDNF was

expressed exclusively in oocytes, whereas the pan-

neurotrophin low-affinity receptor p75 (p75NTR) is

detected in granulosa cells, oocytes, and theca cells in

mouse preovulatory follicles [4]. Based on gene

knockout experiments, BDNF was essential for

folliculogenesis and early follicle development in the

mailto:clxiongcn@yahoo.com.cn
http://dx.doi.org/10.1016/j.theriogenology.2010.01.009


L. Zhang et al. / Theriogenology 73 (2010) 1096–1103 1097
mouse [5–7]. Brain-derived neurotrophic factor and

its receptors are also found in bovine, porcine, and

human ovaries [3,8–10]. Moreover, the presence of

BDNF during oocyte maturation in vitro promoted

preimplantation development of mouse, bovine, and

porcine embryos [4,8,9]. Based on these results, BDNF

may act as a paracrine and/or autocrine growth

factor and regulate follicle and oocyte development.

However, little is known about the detailed downstream

molecular events after BDNF acts on its receptors in the

follicle.

In neurons, Trks and their substrates can activate

three main signaling cascades [11]: (1) the small GTP-

binding protein Ras and mitogen-activated protein

kinase kinase (MAPKK)/MAP kinase pathway; (2) the

phospholipid kinase PI-3 kinase (PI3K) and protein

kinase B (PKB); and (3) the phospholipase C-g (PLC-g)

pathway, which results in the formation of the second

messengers diacylglycerol (DAG) and inositol-1,4,5-

trisphosphate (IP3) and calcium release from intracel-

lular stores. All of these pathways may be relevant to

follicular and oocyte maturation.

Mitogen-activated protein kinase is involved in the

regulation of microtubule organization, meiotic

spindle assembly, and maintenance of metaphase II

arrest in the oocyte [12]. The PI3K-PKB pathway is

involved in resumption of meiosis in Xenopus, mouse,

rat, bovine, and porcine oocytes [13–18]. Moreover,

phosphorylated PKB is involved in the completion of

meiosis at fertilization, including the second polar

body emission and the organization of microtubules

[15]. We found that BDNF improved spindle config-

uration and location, which may account for promo-

tion of ooplasmic maturation by BDNF (unpublished

data). In the present study, the effects of BDNF on

PKB and MAPK phosphorylation levels in oocytes

and cumulus cells were investigated to clarify the

BDNF signal transduction pathways acting during

oocyte maturation.

2. Materials and methods

2.1. Animals

Kunming mice were from the Animal Experiment

Center of Tongji Medical College of Huazhong

University of Science and Technology. Female mice,

4- to 5-weeks old, were used. They were kept in a room

with 14 h/10 h light-dark cycles (dark starting at 20:00)

and food and water were provided ad libitum. All

protocols and experimental procedures for the use of

animals in this study were performed in accordance
with the NIH Guiding Principles in the Care and Use of

Animals.

2.2. Chemicals

All chemicals were of the purest analytical grade and

were purchased from Amresco (Solon, OH, USA),

unless otherwise indicated.

2.3. Oocyte collection, culture and use in

experiments

Mice were given 10 IU of pregnant mare serum

gonadotropin (Hangzhou Animal Medicine Factory,

Hangzhou, P. R. China) ip, and 48 h later, cumulus-

oocyte complexes (COCs) were obtained by puncturing

the largest follicles in HEPES-buffered a-minimum

essential medium (a-MEM; HyClone Biochemical

Products Co., Ltd., Beijing, P. R. China), supplemented

with Earle’s salts, 50 mg/mL streptomycin sulfate,

75 mg/mL penicillin G, 18 mM HEPES, and 4 mM

hypoxanthine. The COCs with more than three layers of

cumulus cells were chosen and washed. They were then

transferred to 25 mL drops of maturation medium (10

COCs per drop), covered with mineral oil (Sigma-

Aldrich Co., St. Louis, MO, USA), and cultured at

37 8C in a humidified atmosphere of 5% CO2 in air.

According to the in vitro maturation (IVM) medium

used, COCs were divided into three groups:

(1) Stock IVM medium (the control group), based on

a-MEM supplemented with Earle’s salts, 50 mg/mL

streptomycin sulfate, 75 mg/mL penicillin G,

0.23 mM sodium pyruvate, and 5% (v/v) fetal

bovine serum (FBS; HyClone).

(2) Stock IVM medium supplemented with 5 ng/mL

BDNF (Promega, Madison, WI, USA; BDNF-

treated group). Brain-derived neurotrophic factor

was indirectly dissolved in a-MEM at 100 ng/mL

and stored in small volumes at -20 8C. We used 5 ng/

mL BDNF, in accordance with a previous report [4]

and our own preliminary experiment.

(3) Stock IVM medium supplemented with 5 ng/mL

BDNF and 100 nM K252a (K252a-treated group).

The K252a (Biosource International, Inc., Camar-

illo, CA, USA) is a pan-specific Trk inhibitor; it

was dissolved in dimethyl sulfoxide (DMSO;

Sigma) and diluted in the stock IVM medium at

100 nM, as described [4]. The final concentration

of DMSO in the stock IVM medium was 0.005%,

which had no significant effect on the experi-

ments.



nology 73 (2010) 1096–1103
2.4. Western blot analysis

The COCs used for western blot were collected at 0,

1, 2, 3, 6, and 16 h of culture in vitro, and washed in

protein-free medium (HEPES-buffered a-MEM sup-

plemented with 10 mg/mL polyvinyl alcohol; Sigma).

After cumulus cells had been removed mechanically by

repeated pipetting with small-bore Pasteur pipettes,

oocytes and the cumulus cells were placed separately in

Eppendorf tubes and stored frozen at �70 8C.

Western blot was carried out according to the

manufacturer’s instructions, with minor modifications.

Briefly, oocytes were lysed in a NuPAGE LDS sample

buffer (Invitrogen-GIBCO, Carlsbad, CA, USA), con-

taining a reducing agent, denatured at 70 8C for 10 min,

cooled on ice for 5 min, and centrifuged at 10,000 � g

and 4 8C for 5 min. Samples were then loaded onto

Novex pre-cast gels (Invitrogen). Cumulus cells from

IVM cultures for 0, 1, 2, 6, and 16 h were lysed in

radioimmunoprecipitation buffer (Cell Signaling Tech-

nology, Beverly, MA, USA) and quantified using Pierce

BCA protein assay kits (Pierce, Rockford, IL, USA).

The prepared samples were aliquoted and stored at -

70 8C for further use. Aliquots containing 8 mg of

sample protein for cumulus cells were mixed into the

NuPAGE LDS sample buffer; the subsequent protocol

was the same as that for oocytes. All gels for western

blotting included pre-stained protein molecular weight

markers (Invitrogen). Proteins in the gels were

transferred onto Invitrolon polyvinylidene difluoride

membranes (Invitrogen).

To investigate the effects of BDNF on PKB and

MAPK phosphorylation status, mouse anti-phospho-

PKB-Ser473 (587F11) monoclonal antibody (Cell

Signaling Technology), and rabbit anti-phospho-

MAPK1/2 (Thr202/Tyr204) polyclonal antibody (CHE-

MICON International Inc., Germany) were used.

Western Breeze kits (Invitrogen) were used after

immunodetection of western blots, in accordance with

the manufacturer’s protocols. Chemiluminescence

intensities of the bands in membranes were visualized

on X-Omat LS films (Kodak, New Haven, CT, USA).

Then, the previous phosphorylation antibody was

stripped from the membrane in a stripping buffer

(Beyotime, Haimen, P. R. China) for 5 min at 37 8C
under permanent agitation. After being blocked, the

membrane was incubated with a rabbit polyclonal anti-

PKB antibody (Cell Signaling Technology for total

PKB protein detection) or a rabbit anti-MAPK2

antibody (Santa Cruz Biotechnology, Santa Cruz,

CA, USA). In the above cases, the primary antibody

dilution was 1:1000.

L. Zhang et al. / Therioge1098
As a loading control and internal standard, mem-

branes for cumulus cells protein were reprobed with a

rabbit antibody against b-actin (Abcam, Cambridge,

UK). For this, after chemiluminescence detection, the

previous antibody was stripped from the membrane,

using the stripping buffer as described above. After

being blocked, the membrane was incubated with anti-

b-actin antibody diluted 1:2000. The following steps

were the same as described above.

In all cases, the intensity of each band was measured

using Kodak Digital Science 1D image analysis

software (Kodak, Version 2.0). For quantification, the

ratio of the intensity of the protein concerned (p-PKB or

p-MAPK) is presented in relation to the measured levels

of PKB and MAPK in oocytes and cumulus cells.

2.5. Assessment of apoptosis

Cumulus cells that had undergone apoptosis were

identified with the terminal deoxynucleotidyl transfer-

ase-mediated dUTP nick end labeling (TUNEL) cell

apoptosis detection kit (Beyotime). After 16 h of

culture, COCs designated to be analyzed for apoptosis

were treated in 80 IU/mL hyaluronidase for 30 s and

then separated by repeated pipetting. The cumulus cells

were collected and centrifuged at 300 � g for 10 min.

After being washed with PBS (pH 7.4), cumulus cells

were fixed with 4% paraformaldehyde for 60 min. They

were then washed with PBS, centrifuged, and pipetted

onto polylysine coated glass slides. Cumulus cells were

permeabilized with 0.1% Triton X-100 for fluorescein

isothiocyanate (FITC) end-labeling of the fragmented

DNA of the apoptotic cells using TUNEL cell apoptosis

detection kits. The cell nuclei were stained with 2 mg/

mL Hoechst 33258 (Sigma). The FITC-labeled

TUNEL-positive cells were imaged under an inverted

laser scanning confocal microscope (Olympus, Tokyo,

Japan; FV500-IX71) at a magnification of � 400, using

488 nm wavelength light for excitation and 530 nm for

emission. The nuclei of cumulus cells were imaged

using 350 nm stimulation and 460 nm emission.

Approximately 200 cumulus cells were observed on

each slide and the percentage of cells with apoptotic

nuclei was calculated as the apoptotic index.

2.6. Statistical analysis

Data are presented as the mean � SD. For oocytes

and cumulus cells, the effect of BDNF on the

phosphorylation of PKB and MAPK were evaluated

by GLM repeated measures ANOVA. Moreover,

multiple comparisons were performed for the intensity
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ratios for p-MAPK/MAPK in the oocytes among the

control, BDNF-treated, and K252a-treated groups.

Apoptotic indices of cumulus cells were compared

by one-way ANOVA. Statistical analyses were con-

ducted using the Statistical Package for Social Sciences

program, Version 11.0 (SPSS Inc., Chicago, IL, USA).

Statistical significance was assumed at P < 0.05.

3. Results

3.1. Effects of BDNF on PKB phosphorylation in

oocytes and cumulus cells

We investigated the time course of PKB phosphor-

ylation in oocytes and cumulus cells during IVM. Brain-

derived neurotrophic factor enhanced phosphorylation

of PKB compared with the control oocytes (P < 0.0001;

Fig. 1; Table 1). There was an interaction between

groups (control and BDNF-treated) and culture time

(IVM 2 h and 3 h) on the phosphorylation of PKB in the

oocytes (P = 0.0003). The phosphorylation of PKB in

the control oocytes was detected at IVM 1 h, reached a

maximum at 2 h, and was greatly reduced at 3 h

(Fig. 1A). For BDNF-treated oocytes, phosphorylation

of PKB increased rapidly at 2 h and peaked at 3 h of

culture (Fig. 1B; P = 0.0006 for IVM 2 h and

P < 0.0001 for IVM 3 h compared to the control

oocytes at the same time). No phosphorylation of PKB

was detected in K252a-treated oocytes (Fig. 1C). The

amount of total PKB protein in oocytes did not change

at any time during IVM.

Brain-derived neurotrophic factor treatment pro-

longed the activation time of PKB in cumulus cells

compared with the control (Fig. 2; Table 2; P = 0.0064).

There was an effect of culture time (P < 0.0001) and

an interaction between groups and culture time on

the phosphorylation of PKB in the cumulus cells

(P = 0.018). Phosphorylated PKB levels in the cumulus

cells in both groups gradually decreased as culture time

increased. Phosphorylation of PKB in the cumulus cells

between BDNF-treated and the control groups was not

different at the beginning of culture and IVM 1 h.

However, phosphorylation of PKB in the control

cumulus cells reduced after 2 h (Fig. 2A). The

phosphorylation level of PKB in the BDNF-treated

cumulus cells was higher than that in the control at 2 and

6 h of IVM (Table 2; P = 0.021 for IVM 2 h and

P = 0.0018 for IVM 6 h). Moreover, the amount of total

PKB protein in the control cumulus cells decreased at

IVM 16 h whereas that in the BDNF-treated cumulus

cells remained unchanged at all time points (Fig. 2).
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Table 1

Mean � SD quantitative analysis of western blot of the phosphorylation of PKB (p-PKB/PKB) within murine oocytes matured in vitro.

Group IVM 2 h IVM 3 h P value

Time Group Time by group interaction

Control 1.62 � 0.03a 0.76 � 0.06c 0.34 < 0.0001 0.0003

BDNF 2.55 � 0.25b 3.22 � 0.11d

This experiment was repeated four times. Cumulus-oocyte complexes were cultured in the stock in vitro maturation medium supplemented with or

without 5 ng/mL BDNF (control).
a-dWithin each column, means without a common superscript differed (P < 0.05).

Fig. 2. Kinetics of the phosphorylation levels of PKB and MAPK in cumulus cells cultured in the stock maturation medium (A) supplemented with

BDNF (B). 8 mg protein was loaded per lane for cumulus cells. This represented three similar experiments.

Table 2

Mean � SD quantitative analysis of western blot of the phosphorylation of PKB (p-PKB/PKB) within murine cumulus cells during oocyte

maturation in vitro.

Group 0 IVM 1 h IVM 2 h IVM 6 h P value

Time Group Time by group interaction

Control 1.88 � 0.16 1.44 � 0.07 0.73 � 0.12a 0.59 � 0.10c < 0.0001 0.0064 0.018

BDNF 2.07 � 0.28 1.24 � 0.10 1.11 � 0.13b 1.01 � 0.03d

This experiment was repeated three times.

Cumulus-oocyte complexes were cultured in the stock in vitro maturation medium supplemented with or without 5 ng/mL BDNF (control).
a-dWithin each column, means without a common superscript differed (P < 0.05).
3.2. Effects of BDNF on MAPK phosphorylation in

oocytes and cumulus cells

Treatment with BDNF enhanced the phosphoryla-

tion of MAPK compared with the control oocytes

(Fig. 1; Table 3; P < 0.0001). Phosphorylated MAPK

was detected at IVM 3 h in the control oocytes and was

greatly elevated at 6 to 16 h (Fig. 1A). The phosphor-

ylation of MAPK was enhanced at IVM 16 h in BDNF-

treated oocytes compared with the control (P = 0.0041;

Table 3; Fig. 1B). However, it was obviously increased

at IVM 3 h and maintained to 16 h when K252a was

added into the stock IVM medium supplemented with

BDNF (K252a-treated group; Fig. 1C, Table 3).
Treatment with BDNF prolonged MAPK phosphor-

ylation in cumulus cells (Fig. 2; Table 4; P = 0.0018). In

control cumulus cells, MAPK phosphorylation peaked

at 0 to 6 h and was reduced at 16 h (Fig. 2A), whereas in

the BDNF-treated cumulus cells it remained unchanged

until 16 h of culture (Fig. 2B). In addition, the amount

of total MAPK protein in the control cumulus cells

decreased at IVM 16 h, whereas in the BDNF-treated

cumulus cells it remained unchanged (Fig. 2).

3.3. Effects of BDNF on cumulus cell apoptosis

The apoptotic indices of cumulus cells in the

control, BDNF-treated and K252a-treated groups were
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Table 3

Mean � SD quantitative analysis of western blot of the phosphorylation of MAPK (p-MAPK/MAPK) within murine oocytes matured in vitro.

Group IVM 3 h IVM 6 h IVM 16 h P value

Time Group Time by group interaction

Control 0a 1.85 � 0.12 1.92 � 0.07c < 0.0001 < 0.0001 < 0.0001

BDNF 0a 2.22 � 0.26 2.51 � 0.19d

BDNF + K252a 2.01 � 0.20b 2.14 � 0.22 2.33 � 0.26d

This experiment was repeated four times.

Cumulus-oocyte complexes were cultured in the stock in vitro maturation medium (control), supplemented with 5 ng/mL BDNF, or with 5 ng/mL

BDNF plus 100 nM K252a.
a-dWithin each column, means without a common superscript differed (P < 0.05).

Table 4

Mean � SD quantitative analysis of western blot of the phosphorylation of MAPK (p-MAPK/MAPK) within murine cumulus cells during oocyte

maturation in vitro.

Group 0 IVM 1 h IVM 2 h IVM 6 h IVM 16 h P value

Time Group Time by group interaction

Control 1.95 � 0.07 1.78 � 0.18 1.74 � 0.19 1.85 � 0.06 0a <0.0001 0.0018 <0.0001

BDNF 1.92 � 0.12 1.88 � 0.06 2.02 � 0.17 1.94 � 0.11 1.91 � 0.07b

This experiment was repeated three times and data were shown as the cumulus-oocyte complexes were cultured in the stock IVM medium (control),

supplemented with 5 ng/mL BDNF.
a-dWithin each column, means without a common superscript differed (P < 0.05).
1.15 � 0.11, 0.88 � 0.29, and 1.10 � 0.23%, respec-

tively (P = 0.26).

4. Discussion

Addition of BDNF to the IVM medium enhanced

phosphorylation of PKB and prolonged the activation

time of PKB in the oocytes. Moreover, PKB phosphor-

ylation in the oocytes was almost completely inhibited

by the TrkB inhibitor K252a. We inferred that PKB was

probably phosphorylated by BDNF via a TrkB type

receptor on the surface of the oocyte. In addition, PKB

phosphorylation in the oocyte caused by endogenous

factors was also inhibited by K252a, perhaps because

K252a is a nonspecific inhibitor of the Trk family.

Protein kinase B is phosphorylated at two residues,

Thr308 and Ser473 [19]. However, the separate phos-

phorylation of either of these is sufficient for PKB

activation [20,21]. Furthermore, pSer473 PKB is the

major form in the PKB pool, whereas pThr308 PKB

comprises only a small subset [22]. Therefore, only

pSer473 PKB was detected in our experiments. Although

Thr308-phosphorylated PKB was present in pericen-

triolar material, localization of Ser473-phosphorylated

PKB was similar to that of microtubules in metaphase

oocytes [15]. These forms are individually involved in

fertilization to complete meiosis, including emission of
the second polar body and organization of microtubules

[15]. We had already found that BDNF promoted

cytoplasmic maturation in immature oocytes, which

supported early mouse embryo development and

improved meiotic spindle configuration and location

(unpublished data). The width and area of the meiotic

spindle in oocytes cultured in IVM medium supple-

mented with BDNF were significantly smaller than

those cultured without BDNF. Moreover, more oocytes

had spindles positioned near the oolemma in the BDNF-

treated group than in the control. Normal spindle

morphology is critical to maintain normal meiosis in the

oocyte; furthermore, various characteristics of the

spindle, including its presence, location, and length,

are associated with oocyte quality [23]. Therefore, an

increase in PKB phosphorylation caused by BDNF may

be one reason that BDNF promotes oocyte cytoplasmic

maturation.

In this study, BDNF significantly increased MAPK

phosphorylation in oocytes. However, this activity was

unaffected when K252a was added into the maturation

media supplemented with BDNF. Brain-derived neuro-

trophic factor and TrkB activate MAPK via Ras, but

MAPK is activated by Mos (a kind of MAPKKK) in

oocytes [12]. Therefore, the stimulating effect of BDNF

on the phosphorylation of MAPK was unlikely to be

mediated by the TrkB receptor. Increases in MAPK
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phosphorylation within the BDNF-treated oocytes may

be due to BDNF-induced phosphorylation of the cAMP

responsive element-binding protein (CREB) and acti-

vation of CREB-dependent transcription [24].

The role of K252a is very complex, although it is

often used as an inhibitor of the Trk family. It also

inhibits protein kinase A, myosin light chain kinase,

protein kinase C, Ca2+/calmodulin-dependent protein

kinases, MAPK, and numerous other kinases. However,

K252a may indirectly activate MAPK [25], which could

be why MAPK phosphorylation peaked early in the

K252a-treated oocytes in the present study. In our

previous experiments, K252a alone in the IVM medium

did not influence germinal vesicle breakdown, emission

of the first polar body or fertilization in vitro in oocytes

matured in vitro (unpublished data). Concomitant

treatment with BDNF and K252a significantly sup-

pressed the stimulatory effect of BDNF on blastocyst

formation (unpublished data). Furthermore, TrkB was

expressed exclusively in oocytes in mouse preovulatory

follicles [4]. Therefore, we chose K252a to study the

signal pathway of BDNF during oocyte IVM.

Brain-derived neurotrophic factor significantly pro-

longed PKB and MAPK phosphorylation in cumulus

cells. Moreover, BDNF increased the total amount of

PKB and MAPK proteins within the cumulus cells

compared with controls at 16 h of IVM. The increase in

MAPK phosphorylation in the cumulus cells at IVM

16 h may be related to the increase in the amount of total

MAPK protein in the BDNF-treated group. Although

both PKB and MAPK can promote cell survival, in the

present study, BDNF did not significantly reduce

apoptosis of cumulus cells. In mouse preovulatory

follicles, cumulus cells were found to only express

p75NTR [4]. Therefore, the increased phosphorylation

of PKB and MAPK caused by BDNF may have been

caused via the p75NTR receptor.

In conclusion, we inferred that the PKB pathway was

likely to be one signaling cascade activated by BDNF, in

combination with the TrkB receptor in the oocyte,

whereas the MAPK pathway was not. Brain-derived

neurotrophic factor promoted the phosphorylation of

PKB and MAPK in oocytes matured in vitro. Thus,

BDNF might improve the capacity of the IVM oocyte to

develop to preimplantation embryos.
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